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recent experiments have confirmed this hypothesis by observing HEA decomposition after long-term equilibra-
tion. In the present work, we demonstrate the use of the CALculation of PHAse Diagrams (CALPHAD) approach to
predict HEA stability and processing parameters, comparing experimental long-term annealing observations to
CALPHAD phase diagrams from a commercially-available HEA database. We find good agreement between
single- and multi-phase predictions and experiments.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

High entropy alloys (HEAs) are a novel class of materials that has
garnered much interest in recent years [1-10] for superior properties,
including high-temperature strength, low-temperature ductility, irradi-
ation resistance, corrosion resistance, and fatigue and fracture resis-
tance, among many others [1,4,10-35]. As such, there is large
potential for HEA components to dramatically improve performance
in such critical applications as nuclear reactors, turbine engines, and
automobiles.

Traditional alloy systems usually comprise a base solvent element
into which a limited amount of solute elements are mixed (i.e., alloyed)
into a solution, such as C into Fe and Al into Ni. HEAs are unique in that
they are comprised of a disordered solid solution of multiple base ele-
ments at or near equi-atomic compositions [11-13]. The resulting
high configurational entropy extends solute solubility at high heat treat-
ment temperatures, providing extended single-phase solid solutions.
The physical nature of this extended multi-component solid solution
can give rise to unique properties, commonly attributed to large internal
crystalline strain [4,11-16,35].

An open question in the case of HEAs is whether the solid solution
established at high temperatures is a thermodynamically-stable phase
at potential use temperatures. The HEA can be readily produced from
casting, but there is evidence that the long-term annealing of HEAs
can cause decomposition into a more traditional, multi-phase micro-
structure. Recent studies [36-40] have observed decomposition after
long-term annealing at elevated temperatures, casting doubt on the
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applicability for HEA-based components during operation at such tem-
peratures. Understanding long-term HEA stability at elevated tempera-
tures is critical to develop HEA-based components for extreme
environments.

Theoretical tools can be extremely useful for prediction of HEA phase
stability, and attempts have been made at using atomistic methods,
such as Molecular Dynamics (MD) and Density Functional Theory
(DFT) [4,41,42]. However, such techniques are fundamentally limited
by the disordered nature of the solid solution, the intricate physics for
the effect of temperature, and the complexity of the phases competing
with the HEA for stability. In this regard, the thermodynamic CALcula-
tion of PHAase Diagrams (CALPHAD) approach is ideally suited for
predicting the long-term stability of HEAs at arbitrary temperatures.
Having great success in the prediction of traditional alloy phase equilib-
ria, the CALPHAD approach can be readily applied to HEA compositions
[43-45].

The CALPHAD approach utilizes solution thermodynamic models to
describe the thermodynamic properties of complex, multicomponent
systems [46]. Thermodynamic and phase equilibria data are used to de-
termine fitting parameters for the Gibbs free energies of individual
phases in the system. For a solid solution phase, «, the Gibbs free energy
of that phase (G®) is defined by.

C
G = xiGr—TSpid + G (1)
i

where x; is the composition of component i, G{* is the Gibbs energy of
component i in the o structure, T is the temperature, Si9¢% is the ideal
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configurational entropy (i.e., RY_ x;Inx;, where R is the gas constant.)
and *°Gy,, is the excess Gibbs energy. Databases containing these free en-
ergy descriptions can be used to predict phase equilibria and other
properties for large, multicomponent alloys at arbitrary compositions
by combining the functions of simpler subsystems.

For complex solid solutions (such as HEAs), the CALPHAD approach
offers an accurate prediction of thermodynamic properties, such as
phase stability. It is important to note that although HEAs are primarily
defined by the ideal configuration entropy, the excess Gibbs energy
should also be taken into account when modeling the stability of an
HEA. The excess Gibbs energy (**G.,) encompasses the non-ideal mixing
enthalpy and entropy and is typically defined in CALPHAD databases by
a Redlich-Kister polynomial: [46].

c—1 ¢ c—2c—1 ¢
SGm = > Xy Ly(xi—x) DD D xixxi Ly 2)
i=1 j>i i=1 j>i k>j

where x; is the composition of component i, 'L;j are binary interaction
parameters describing the non-ideality of the binary solid solution be-
tween components i and j, v is the order of the interaction (e.g., 0 is reg-
ular, 1 is sub-regular, etc.), and °Lijk is the regular ternary solution
interaction parameter for elements i, j, and k. The temperature depen-
dence of the L parameters defines an excess entropy contribution. The
interaction parameters are fitted to experimental or theoretically-pre-
dicted thermodynamic data. For an arbitrarily large number of compo-
nents, the solid-solution thermodynamics are described by summing
over all of the subsystem interactions. The collection of constituent
model parameters for phases described by Eqs. (1) and (2) comprise a
CALPHAD database. It should be noted that the ideal configuration en-
tropy is often cited as the stabilizing force of the HEA. However, not
every equiatomic, multicomponent alloy is stable since HEA stability is
dependent on both the non-ideal contributions to the excess Gibbs en-
ergy (defined by Eq. (2)) and all other competing phases.

The primary challenge in utilizing established CALPHAD techniques
for the development of HEAs lies in the equiatomic nature of the HEA.
CALPHAD databases are typically constructed with a focus on specific
base solvent elements (e.g., Fe for steels and Ni for superalloys), which
places an emphasis on achieving accuracy at corners of the composition
space using binary and targeted higher-order interaction parameters. As
such, specific parameters governing interactions among three or more
components in face-centered-cubic (FCC) and body-centered-cubic
(BCC) solid solutions are not fully populated. This trend is due to not
only the application of the database to these narrow regions of compo-
sition space but also a relative lack of experimental thermochemical
data for the other regions. Two CALPHAD databases specifically de-
signed for HEAs are commercially available: TC-HEA from Thermo-
Calc [47] (which includes 20 elements) and Pan-HEA from Computherm
[48] (which includes 10 elements). All calculations herein will use the
TC-HEA2 CALPHAD database from Thermo-Calc.

One method of visualizing the phase equilibria of a given composi-
tion is with a one-dimensional “step” diagram of the phase fraction
with temperature. As shown in Fig. 1 (composition taken from Otto et
al. [38]), critical features of HEA phase equilibria can be readily identi-
fied, including: the structure of the stable HEA phase [i.e., FCC, BCC, hex-
agonal-close-packed (HCP), etc. structures], the low-temperature phase
decomposition products, and the width of the HEA single-phase region
(from the solvus to the solidus). For instance, in the case of Otto et al.
[38] in Fig. 1, an FCC HEA is predicted to form between 798 and 1285
°C, transforming to a Cr-rich sigma phase below 798 °C. This prediction
quantitatively agrees well with Otto et al. [38], where the observed HEA
is FCC and Cr-rich sigma phase particles appear to form at grain bound-
aries, with a solvus somewhere between 700 and 900 °C.

Beyond Otto et al. [38], several other studies [36,37,39,40] which
probe the long-term stability of HEAs have been published. These are
summarized in Table 1. The CALPHAD predictions for the phase
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Fig. 1. CALPHAD-predicted temperature vs. phase fraction phase diagram for the
CoCrFeMnNi HEA, including the homogenization temperature and experimental phase
observations of Otto et al. [38] From the CALPHAD predictions, the sigma phase is Cr-,
Fe-, and Mn-rich and the B2 is Co- and Fe-rich.

equilibria at the heat-treatment temperature, solvus, equilibrium soli-
dus, and Scheil solidus (described later) are also given. Essentially, fairly
good qualitative agreement is found, with the CALPHAD database cor-
rectly predicting the HEA structure and the appearance of secondary
phases at the experimental heat-treatment temperatures.

Many of the compositions summarized in Table 1 lie along a linear
addition of Al, namely Al,CoCrFeNi. The CALPHAD approach can be
used to take a step diagram, as in Fig. 1, and extend it across composi-
tions, to form a two-dimensional composition-temperature phase dia-
gram. For Al,CoCrFeNi, the predicted phase diagram forx <0 <1 is
shown in Fig. 2. There is qualitative agreement between the results of
Tang et al. [40] and the CALPHAD prediction. Tang et al. [40] observed
a single-phase FCC structure at 1250 °C from x = 0.3 and x = 0.5,
forming a BCC/B2 second phase at x = 0.7. The CALPHAD phase diagram
predicts a single-phase field (FCC) below x = 0.42 and a two-phase
(FCC + BCC) field above x = 0.42. The difference in phase-boundary
compositions can be explained by the inaccuracy of the CALPHAD data-
base thermodynamic parameters, as discussed earlier, and/or an inade-
quate heat treatment to achieve equilibrium microstructures.

An assumption of the above calculations is that the HEA microstruc-
ture is homogeneous. In reality, the as-cast microstructure likely con-
sists of dendritic inhomogeneity, caused by the partitioning of slow
diffusing/high-melting point elements from fast diffusing/low-melting
point elements. Such inhomogeneities introduce variation in not only
the composition but also the solidus (incipient melting) temperature.
The CALPHAD approach is capable of predicting the compositional evo-
lution of a dendrite during solidification by coupling databases of ther-
modynamic parameters and diffusional kinetic parameters. Although a
common tactic in Ni- and Fe-based alloy modeling, CALPHAD kinetic da-
tabases are not readily available for HEAs.

A thermodynamic approximation to the kinetic solidification simu-
lation is possible with the Scheil simulation approach [49], in which dif-
fusivities in the liquid and solid are assumed to be infinite and zero,
respectively. The results of such a Scheil simulation for the HEA of
Otto et al. [38] predict a solidus (1154 °C) lower than the equilibrium
solidus in Fig. 1 (1285 °C) because the composition of the melt is
allowed to evolve. This Scheil solidus serves as an effective lower limit
to the solidus for a given system and can be used as a safe upper limit
for the choice of homogenization temperature to avoid incipient melt-
ing of the edge of the dendrite. Further, the Scheil simulation also
makes predictions as to phase equilibria during solidification, indicating
the likely precipitation of secondary phases in the interdendritic region
of the as-cast microstructure. The systems of Tang et al. [40] and Jones et
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Table 1

Table summarizing experimental data and CALPHAD predictions for long-term annealed HEAs, including: composition, homogenization temperature and time, aging temperature and
time, observed phases, and CALPHAD predictions (equilibrium phases at the aging temperature, solvus temperature, equilibrium solidus temperature, and Scheil solidus temperature).
Note that reports of multiple FCC structures for a single nominal composition indicate observations of separate FCC phases of unique compositions.

Composition Homog conditions  Aging conditions Observed phases =~ CALPHAD phases Solvus [°C]  Equil. solidus [°C]  Scheil solidus [C°]
Otto et al. [38] CoCrFeMnNi 1200 °C 500 °C L1,, BCC, B2 FCC, Sigma 798 1285 1154
48 h 12,000 h
CoCrFeMnNi 1200 °C 700 °C FCC, Sigma FCC, Sigma 798 1285 1154
48 h 12,000 h
CoCrFeMnNi 1200 °C 900 °C FCC FCC 798 1285 1154
48 h 12,000 h
Pickering et al. [39] CoCrFeMnNi 1240 °C 700 °C FCC, Sigma, M»3C¢  FCC, Sigma 798 1285 1154
100 h 1000 h
He et al. [36] CoCrFeNi None 750 °C FCC, FCC FCC 677 1445 1427
800 h
Alp1CoCrFeNi None 750 °C FCC, FCC, ?Cr-rich  FCC, B2 777 1426 1378
800 h
Tang et al. [40] Alg3CoCrFeNi 1250 °C 1250 °C FCC FCC 1097 1387 1312
50 h 1000 h
Alp sCoCrFeNi 1250 °C 1250 °C FCC FCC, B2 1333 1333 1314
50 h 1000 h
Al ;CoCrFeNi 1250°C 1250 °C FCC, BCC/B2 FCC, B2, BCC 1337 1337 1320
50 h 1000 h
Jones et al. [37] AlpsCoCrCuFeNi  None 1000 °C FCC, FCC, L1, FCC, Liquid, B2 1270 990 914
1000 h

al. [37] may be particularly susceptible to second-phase precipitation
upon solidification. The collection of these phase equilibria and Scheil
predictions can be used to estimate the ease of achieving a homogenous,
clean HEA microstructure after casting. In essence, minimizing both the
temperature range of solidification (from initial to final solidification)
and the temperature range within which secondary solid phases are
present should yield homogeneous as-cast microstructures.

Further, the reports of He et al. [36] and Jones et al. [37] regarding
phase equilibria in the Al,CoCrFeNi phase diagram in Fig. 2 observe sec-
ond phases at compositions at x < 0.5, qualitatively disagreeing with
Tang et al. [40]. This trend can likely be attributed to the lack of a ho-
mogenization treatment in their measurement. Indeed, the phases
that He et al. [36] and Jones et al. [37] observe are FCC's with different
compositions, which would be expected in an inhomogeneous dendritic
microstructure. Scheil simulations can also predict the degree of segre-
gation during solidification, describing the composition of the solid
across a dendrite, from the core to the edge. The segregation can thus
be quantified by the ratio of the edge composition to the core. For
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Fig. 2. CALPHAD-predicted Al,CoCrFeNi temperature vs. composition phase diagram,
including the experimental observations of the homogenized HEAs from Tang et al. [40].

example, segregation ratios! for the AlysCoCrCuFeNi HEA of Jones et
al. [37] suggest a core rich in Co/Cr/Fe and an edge rich in Al/Cu/Ni.
This trend agrees very well with Jones et al. [37] observations of a den-
dritic microstructure in the as-cast alloy comprising a Co/Cr/Fe-rich FCC
dendrite and an Al/Cu-rich interdendritic FCC phase.

In summary, the CALPHAD approach and commercial thermody-
namic databases can be used to accurately predict phase equilibria in
HEA systems when compared to observations for systems undergoing
long-term heat treatments. By comparing CALPHAD predictions to ex-
perimental references, we demonstrated that a proper post-cast ho-
mogenization is critical to eliminate the appearance of metastable
inhomogeneity, which has been previously reported as multiple FCC
phases after aging. Scheil simulations can be used to assess the need
for homogenization by predicting the degree of segregation during so-
lidification. Lastly, there is a need for data on proper HEA phase equilib-
ria to improve the quantitative accuracy of CALPHAD databases.
Accurate thermodynamic and kinetic CALPHAD databases form the
foundation of materials design, and realizing the full potential of HEAs
requires such computational tools to optimize alloy parameters within
the complexity of the HEA composition space.
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